Memory retrieval is characterised by synchronised neural activity between hippocampus and 41 ventromedial prefrontal cortex (vmPFC), with additional evidence that vmPFC activity leads that of 42 the hippocampus. It has been proposed that the mental generation of scene imagery is a crucial 43 component of memory processing. If this is the case, then a comparable interaction between the 44 two brain regions should exist during the construction of novel scene imagery. To address this 45 question, we leveraged the high temporal resolution of magnetoencephalography (MEG) to 46 investigate the construction of novel mental imagery. We tasked male and female humans with 47 imagining scenes and single isolated objects in response to one-word cues. We performed source 48 level power, coherence and causality analyses to characterise the underlying inter-regional 49
Introduction

71
Memory formation and retrieval are long-established functions of the hippocampus (Scoville and 72 Milner, 1957) . However, cognitive impairments beyond recalling past experiences have been 73 documented following hippocampal damage, including deficits in imagination and future-thinking 74 (Hassabis et al., 2007a ; Kwan et al., 2010; Kurczek et al., 2015) . Accordingly, contemporary 75 perspectives have converged on a more inclusive account of hippocampal function which 76 accommodates the flexible construction of predictive or fictive representations (Hassabis and 77 Maguire, 2007; Schacter and Addis, 2007; Eichenbaum and Fortin, 2009; Buckner, 2010 ; Maguire and 78 Mullally, 2013) . 79 80 One such interpretation, the Scene Construction Theory, proposes that the hippocampus constructs 81 scene imagery to facilitate mental representations, whether recollected or imagined (Hassabis and 82 Maguire, 2007; Maguire and Mullally, 2013) . In this context, a scene is defined as a naturalistic 83 three-dimensional spatially coherent representation of the world typically populated by objects and 84 viewed from an egocentric perspective (Maguire and Mullally, 2013; Dalton et al., 2018) . In support 85 of this thesis, functional MRI (fMRI) studies have revealed anterior hippocampal recruitment while 86 participants imagined novel scenes (Hassabis et al., 2007b; Zeidman et al., 2015;  Zeidman and 87 Maguire, 2016) . 88 89 However, other regions, including the ventromedial prefrontal cortex (vmPFC), are recruited during 90 (Hassabis et al., 2007b) , and seem necessary for (Bertossi et al., 2016a) , scene construction. An 91 outstanding question, therefore, is how vmPFC interacts with hippocampus during the generation of 92 scene imagery. The temporal resolution of magnetoencephalography (MEG) renders it a suitable 93 method to address this question. Furthermore, a proposed mechanism of such inter-regional 94 communication is oscillatory coherence (Fries, 2005) . Increased theta synchrony between 95 hippocampus and vmPFC has been observed during memory retrieval (Fuentemilla et al., 2014) and 96 integration (Backus et al., 2016) , as well as memory-guided navigation (Kaplan et al., 2014) and 97 decision-making (Guitart- Masip et al., 2013) . Demonstrating analogous connectivity during the 98 imagination of novel scenes would provide evidence that memory and scene construction share not 99 only similar loci of brain activity, but are supported by comparable network dynamics. 100 101 If oscillatory coherence between hippocampus and vmPFC is evident during scene construction, a 102 question of further relevance concerns the direction of information flow between the two regions. 103
Electrophysiological investigations in rodents, humans and non-human primates have suggested that 104 during initial memory formation, hippocampal activation precedes that of vmPFC (Place et al., 2016) . 105
By contrast, retrieval (Place et al., 2016) , detection of violations in learned information (Garrido et 106 al., 2015) and subsequent extinction (Lesting et al., 2013) Seventy-five scene words and 75 object words were used as stimuli for the imagination task. These 136 comprised a sub-set of the stimuli devised by Clark et al. (2018) for a separate fMRI study. These 137 word categories were closely matched on a number of properties (Table 1) to ensure any differences 138 in neural activity could be solely attributed to the type of mental imagery they evoked. To enable 139 vivid imagination, all words were rated as highly imageable (> 3.5/5). To facilitate the ease with 140 which participants could construct the two different kinds of representations, words were 141 designated as either scene or object-evoking if at least 70% of an independent sample of 142 participants rated them as such (Clark et al., 2018) . Additionally, 75 number stimuli were also 143 deployed in a baseline condition involving counting, which were matched to the scene and object 144 words in terms of the number of letters and syllables. 145 Means (standard deviations). Two-tailed p-values for t-tests (χ 2 test for the number of positive words). Note that each comparison was assessed separately in order to provide a greater 171 opportunity for any differences between conditions to be identified. To prepare participants for each trial type, participants first heard either the word "scene", "object" 190 or "counting" (Figure 1 ). This was intended to minimise category confusion during the scene and 191 object trials. Participants immediately closed their eyes and waited for an auditory cue which 192 followed a jittered duration of between 1300 and 1700 milliseconds. During scene trials, 193 participants constructed a novel, vivid scene from their imagination, based on the cue (e.g. "jungle"). 194
During object imagery, participants imagined a single novel object (e.g. "cushion") against a white 195 background. Counting trials involved mentally counting in threes from a number cue (e.g. "forty"). 196
The task periods were 3000 ms in duration. Participants then heard a beep and opened their eyes. 197
They were presented with a rating screen. For scene and object trials, they were asked "What did 198 you imagine?" If they failed to perform the task, they selected "unsuccessful". Otherwise, they could 199 select "low detail scene", "high detail scene", "low detail object" or "high detail object". This allowed 200 participants to indicate both the level of detail present in the mental imagery, and also to reclassify 201 scene and object trials if they had inadvertently imagined an object as a scene or vice versa. For 202 counting trials, participants were asked "How well did you concentrate?" on a scale from 1 (not at 203 all) to 5 (extremely well). Following this was a 1000 ms delay before the next trial. There were eight 204 scanner sessions in total, seven containing nine stimuli from each condition in a random order, and 205 one final session with 12 stimuli from each condition. Eighteen participants completed all eight 206 sessions; the remaining four participants completed seven sessions. 207 208
Post-scan recognition memory test 209
After the scan, participants took part in a recognition memory test. Participants were not informed 210 about this test prior to the scan to avoid confounding the imagination task with attempts to 211 memorise the stimuli. They were presented with scene and object words, and asked if the word was 212 previously presented in the scanner or not. The available response options were "yes" or "no". 213
Alongside the 75 scene and 75 object words which had been presented in the scanner, there were 214 38 scene and 38 object foils; the presentation was randomised for each participant. The scene and 215 object foil words were also matched to the words presented in the scanner on the characteristics 216 outlined in Table 1 . 217 218
Statistical analysis: behavioural data 219
Word properties 220
Comparisons between word category properties were performed using independent sample t-tests 221 in the case of continuous variables and chi squared tests for categorical variables. Significance was 222 determined at an alpha level of p < 0.05. Statistical analyses were performed using SPSS statistical 223 package version 22 (SPSS, Chicago, IL). 224 225
In-scanner ratings 226
Comparison of the percentage of successful trials in each condition was performed using a repeated-227 measures one-way ANOVA. These percentages accommodate participants' reclassifications of 228 scenes and objects during task performance. Greenhouse-Geisser adjustment to the degrees of 229 freedom was applied if Mauchly's sphericity test detected a violation of sphericity. Comparison of 230 trial reclassifications, and highly detailed ratings were performed using paired samples t-tests. 231 232
Post-scan recognition memory test 233
To ensure a relevant comparison with trials used in the MEG analysis, only successfully completed 234 trials in the scanner were included as target stimuli in this analysis, and stimuli were reclassified as 235 scenes or objects if the individual participant had imagined them as such during the task. 236
Comparison of the percentage of correctly recognised scenes and objects, and d' values were 237 performed using paired samples t-tests. 238
239
MEG recording and preprocessing 240
A CTF Omega whole-head MEG system with 273 functioning second order gradiometers recorded 241 data at a sample rate of 1200Hz. Four EOG electrodes were used to measure a participant's vertical 242 and horizontal eye movements. To rule out the possibility that differences between conditions in 243 subsequent analyses were related to differences in eye movements, we computed the variance of 244 these two EOG signals during each trial, which served as an indirect measure of saccadic activity. 245
These variances were averaged across trials within each condition and normalised within subjects so 246 that values for the three conditions summed to 1. A 1x3 repeated measures ANOVA did not detect 247 any differences in eye movements between conditions (F (2,42) = 1.12, p = 0.335). Data were epoched 248 into 3 second mental imagery and counting periods, baseline corrected, and concatenated across 249 sessions. 250 251
Statistical analysis: MEG data 252
All MEG analyses were performed using SPM12 (www.fil.ion.ucl.ac.uk/spm). Source reconstruction 253 was performed using the SPM DAISS toolbox (https://github.com/spm/DAiSS). 254
255
MEG source reconstruction 256
To estimate differences in power between experimental conditions in source space, the Linearly 257
Constrained Minimum Variance (LCMV) beamformer was used. This filter uses a series of weights to 258 linearly map MEG sensor data into source space to estimate power at a particular location, while 259 attenuating activity from other sources. For each participant, a single set of filter weights was 260 constructed based on the data from all three conditions within the 4-8Hz band and a 0-3000 ms peri-261 stimulus window. Analysis was performed in MNI space using a 5 mm grid and coregistration was 262 based on nasion, left and right preauricular fiducials. Co-registration and the forward model were 263 computed using a single-shell head model (Nolte, 2003) . Power was estimated in the theta (4-8Hz) 264 frequency band and the 0-3000 ms time window, with one power image per condition being 265 generated for each participant. These images were smoothed using a 12 mm Gaussian kernel and 266 entered into a second-level random effects (1x3) ANOVA in SPM to investigate power differences 267 across conditions. Small volume correction was performed using a bilateral hippocampus mask 268 generated from the AAL atlas implemented in the WFU PickAtlas software 269 Coherent activity between sources was measured using the Dynamic Imaging of Coherent Sources 274 (DICS) approach (Gross et al., 2001) . In this case, a beamformer reference signal estimate is first 275 performed for a reference location, in this case a defined source in the anterior hippocampus. This 276 analysis was again based on a 4-8Hz band within the 3000 ms task time window. Then scanning the 277 brain on a 3 mm grid, a signal estimate was made at each location and the coherence between this 278 signal and the reference (in the 4-8Hz band) computed. These values are output as an image for 279 each condition which represents a brain-wide map of coherent activity with the reference source. 280
These images were smoothed using a 12 mm Gaussian kernel, and contrasts between conditions at 281 the group level were performed using a second-level random effects paired t-test in SPM. For 282 subsequent directional causality analysis, time series of theta activity during the 3000 ms imagery 283 task period were extracted from two 10 mm radius spheres encompassing the hippocampal 284 reference source and the group coherence peak in the vmPFC using the LCMV beamforming 285 algorithm. 286 287
Effective connectivity 288
To determine effective connectivity, we utilised DCM for Cross Spectral Densities The DCM estimation process attempts to fit these different models to the observed data as closely 305 as possible by tuning their parameters. The evidence for any one model represents a balance 306 between how accurate and parsimonious it is in explaining the data, as models with too many 307 parameters are penalised. In this study, we used a convolution-based local field potential (LFP) 308 neuronal model, as this is the simplest and most efficient approach when addressing hypotheses 309 regarding differences in effective extrinsic connectivity (Moran et al., 2013) . To assess which model 310 best explains the observed data on a group level, random effects Bayesian model comparison 311 ) is performed, which compares the evidence for each model across all 312 participants, and generates the probability of it being the winning model. 313
314
Results
315
Behavioural 316
In-scanner task performance 317
Participants' in-scanner self-rated performance was high (Table 2) , with a minimal proportion of 318 trials rated as unsuccessful. Of the trials eligible for subsequent analysis, there was a similar 319 proportion of scene imagery, object imagery and counting trials (F (1.22,25.64) = 2.25, p = 0.142). Scene 320 and object stimuli appeared to successfully evoke the intended mental imagery, as a comparably low 321 percentage of trials were reclassified in the two conditions (t (21) = -1.67, p = 0.110). The majority of 322 scenes and objects were imagined in high detail with both conditions matched on this rating (t (21) = -323 1.33, p = 0.199). Furthermore, for most counting trials, concentration was rated as high (>3/5), 324
indicating participants successfully maintained their attention during this baseline condition. 
Post-scan recognition memory test 363
Participants were able to correctly recognise most of the scene and object stimuli that they 364 previously imagined in the scanner, performing significantly above chance level in both conditions 365 (Table 3) . They remembered a greater proportion of objects than scenes (t (21) = -2.10, p = 0.048). In 366 addition, d' scores indicated that participants were significantly less accurate in distinguishing 367 between new and old scene compared to object words (t (21) = -4.19, p < 0.001). Superior memory for 368 objects corroborates the findings of Clark et al. (2018) , and implies that a greater power change or 369 heightened connectivity during scene imagination relative to object imagination could not be 370 attributable to better encoding of scenes. 371 372 MEG 373
Theta power changes during mental imagery 374
We first determined which brain regions were active during imagination in general, that is, scene 375 and object imagination tasks combined compared to the low-level counting condition. Due to the 376 obvious disparity in task demands between the imagery and baseline conditions, we used a 377 conservative whole brain family-wise error corrected threshold of p < 0.001. A widespread change in 378 theta power was observed during mental imagery when compared to the baseline task ( Figure 2) . 379
This was evident throughout the left anterior temporal lobe, with an activation peak at the whole-380 brain level in the inferior frontal gyrus (x = -38; y = 24, z = -4; Z-score = 6.23). Our primary a priori 381 region of interest was the anterior hippocampus, where a significant change from baseline was also 382 observed. A subsequent t-contrast revealed the observed changes represented an attenuation of 383 theta power during imagination rather than an increase from baseline. Nonetheless, we regarded 384 these power changes as an indication of task-related neural activity, and for subsequent connectivity 385 analyses we did not exclude the possibility of inter-regional coherence in the presence of lower 386 power. Subsequent small volume correction revealed an overall peak (-32, -4, -28; Z = 5.82) and sub-387 peak (-32, -6, -22; Z = 5.61) in the left anterior hippocampus. 388 image. 394 395
As the overall hippocampal peak closely bordered the perirhinal cortex and fusiform gyrus, the more 396 dorsal and posterior sub-peak (Figure 2 , black circle) was selected for connectivity analyses in order 397 to be confident that source-localised activity originated from the hippocampus. Of note, no 398 difference in theta power was observed at the whole brain level between scene and object 399 imagination, even using an exploratory uncorrected threshold of p < 0.005 (cluster size > 5), or 400 within the hippocampus in an ROI analysis (p < 0.05 uncorrected). In summary, scene and object 401 imagery appeared to engage a common network of brain regions to a similar degree, including the 402 anterior hippocampus. Therefore, any observed differences in connectivity between the two 403 imagery conditions could not be explained by differences in power. Consequently, in the subsequent 404 analyses, we were able to directly explore the changes in network connectivity due to imagining 405 scenes rather than single objects. 406 407
Hippocampal connectivity during scene imagery 408
Having established a peak location of power changes in the anterior hippocampus during mental 409 imagery, we then sought to investigate whether the imagination of scenes was associated with 410 greater connectivity with any other regions of the brain when compared to object imagination. We 411 found higher theta coherence in the left fusiform gyrus (Figure 3 Given that we had a specific a priori hypothesis regarding connectivity between the hippocampus 416 and vmPFC for scene imagery, we applied an uncorrected threshold of p < 0.005, and discovered a 417 bilateral cluster of voxels coherent with the hippocampal source, at the most ventral extent of the 418 vmPFC (Figure 3 lower panel; peak voxel: 18, 34, -16; Z = 2.87), with a sub-peak in the left vmPFC (-2, 419 46, -28; Z = 2.86). This left-sided vmPFC peak was used for subsequent anatomically-informed 420 analyses of effective connectivity as the hippocampus and vmPFC are connected ipsilaterally. Of 421 note, the reverse contrast (greater connectivity for objects than scenes) did not reveal any 422 significant results throughout the whole brain at a significance level of p < 0.005. MNI 152 T1  430 image), and the vmPFC (lower panel, p < 0.005 uncorrected) showed higher coherence with the 431 hippocampal source (black circle). No areas showed higher theta coherence with the hippocampus 432 for object over scene imagery. 433 434 435
Effective connectivity during scene imagery 436
Having established higher theta coherence between hippocampus and vmPFC during scene 437 imagination, we then investigated the directionality of information flow between the two regions. Of key interest was the predominant direction of information flow between hippocampus and 450 vmPFC during scene imagination. Therfore we proposed two anatomically informed models. In 451 model 1, hippocampal activity drove the vmPFC via its forward connection. In model 2, lateral 452 projections from the vmPFC modulated activity of the hippocampus ( Figure 4A ). In both models, 453 object imagination was used as the baseline. The specified time period was the 3000 ms imagination 454 task, and analysis of cross spectral density was constrained to the theta (4-8Hz) frequency band to 455 retain consistency with previous power and coherence analyses. We applied both models to the 456 observed data, and subsequently performed Bayesian model comparison to determine which model 457 was most likely to explain the relationship between the two regions. The model most likely to be the 458 winning model across all subjects, with a probability of 91.54%, was the vmPFC exerting a causal 459 influence over the anterior hippocampus during the imagination of novel scenes ( Figure 4B ). 460 461
Figure 4. Dynamic Causal Modelling of the interaction between the hippocampus and vmPFC. A, 463
Two proposed models of effective connectivity between the coherent peaks in hippocampus and 464 vmPFC. B, Results of Bayesian Model Comparison indicated a stronger influence of the vmPFC on 465 hippocampal activity during scene imagination. 466 467
Discussion
468
The aim of this study was to investigate whether the imagination of novel scenes is supported by a 469 hippocampal-vmPFC dialogue. We found that engaging in mental imagery, whether spatially 470 coherent scenes or isolated objects, resulted in comparable theta power decreases in the left 471 hippocampus. However, theta coherence between the anterior hippocampus and vmPFC was 472 significantly higher for scene imagination compared to object imagination. In addition, dynamic 473 causal modelling of this interaction revealed the vmPFC drove hippocampal activity during the scene 474 construction process. 475 476 These findings corroborate previous fMRI studies demonstrating that the anterior, rather than 477 posterior, hippocampus contributes to the mental construction of novel scene imagery (Hassabis et 478 al., 2007b; Zeidman et al., 2015; Maguire, 2016, Dalton et al., 2018 ). An interesting 479 feature of our data, which contradicts some previous reports of theta increases during learning and 480 memory tasks, is the attenuation of this frequency during imagination. However, there is 481 accumulating evidence from electroencephalography (EEG; Fellner et al., 2016) and MEG (Guderian 482 et al., 2009 ) demonstrating a strong decrease in medial temporal lobe theta during memory 483 encoding. These findings have been validated using direct intracranial recordings in humans, with 484 brain-wide decreases in theta power predicting subsequent recall (Burke et al., 2013; Greenberg et 485 al., 2015) , and specifically in the hippocampus (Sederberg et al., 2007; Lega et al., 2012; Matsumoto 486 et al., 2013; Lega et al., 2017) . A decrease in 8Hz power has also been reported during memory 487 retrieval (Michelmann et al., 2016) . Furthermore, decreases in low frequency power appear to be 488 negatively correlated with the fMRI BOLD response (Fellner et al., 2016; Scheeringa et al., 2011), 489 and, therefore, our findings may be consistent with observed BOLD increases in previous fMRI 490 studies. 491
492
The functional significance of the observed theta power decrease is not yet clear. However, in 493 rodents, reduced hippocampal theta power is observed upon introduction to a novel or unexpected 494 environment (Jeewajee et al., 2008) . Our task involved the rapid mental construction of novel scenes 495 (and so environments) in response to unpredictable stimuli, and the underlying oscillatory dynamics 496 may, therefore, be similar. Importantly, a lower amplitude signal can still contain rich information 497 about the underlying mental representations during memory retrieval (Michelmann et al., 2016) . 498
499
In the current study, theta power in the hippocampus did not differentiate between scene and 500 object imagination. This accords with recent fMRI findings showing that object stimuli engage the 501 hippocampus (Clark et al., 2018; Dalton et al., 2018) , and that there may be different circuits within 502 the hippocampus, each associated with different cortical inputs, which become engaged depending 503 on the nature of the stimuli and the task at hand. In a similar vein, Fuentemilla et al. (2014) 504 demonstrated that while hippocampal theta power was similar during the retrieval of semantic and 505 autobiographical memories, connectivity with the vmPFC was higher during the latter hippocampal-506 dependent task. Accordingly, we observed increased theta coherence between the anterior 507 hippocampus and vmPFC during scene construction moreso than object construction, indicating a 508 similar network dynamic may support memory retrieval and scene imagination. can generate imagery for indivdual scenes from autobiographical events in response to highly 523 specific cues (Kurczek et al., 2015) . Consequently, and in keeping with its role in supporting schema, 524 it has been suggested that the vmPFC is necessary to select appropriate elements for a particular 525 scene, while the hippocampus is needed to construct the scene imagery . 526 527 An ensuing question is how the two brain regions collaborate to produce these integrated 528 representations. One interpretation is that during imagination, the role of the vmPFC is to fuse 529 distributed knowledge into a novel representation (Benoit et al., 2014) , with corresponding evidence 530 from fMRI that the hippocampus drives activity in the vmPFC when simulating the future (Campbell 531 et al., 2018) . However, an alternate perspective, as alluded to above, holds that the vmPFC exerts 532 direct control over the hippocampus to select context-relevant representations (Eichenbaum, 2017; 533 McCormick et al., 2018). Our finding of vmPFC exerting a causal influence over the hippocampus 534 during scene imagination is more consistent with this latter view. We also regard MEG as a method 535 well-suited to characterising this relationship given that it is a direct and time- Our results also revealed that engaging in mental imagery in response to scene and object words 549 relative to the counting baseline resulted in power decreases in the left inferior frontal gyrus. This 550 activation peak was localised to Brodmann Area 47, a region implicated in the processing of verbal 551 stimuli (Krieger-Redwood et al., 2015), in particular single words (Cutting et al., 2006) . As this 552 activation was common to scene and object words, it likely reflects the increased demands in 553 semantic processing relative to the number stimuli in the baseline counting condition. This lexical 554 processing is likely to be contemporaneous with mental imagery (Lewis and Poeppel, 2014), and it is 555 therefore unlikely that word comprehension and imagination in the current experiment are 556 temporally dissociable. 557
558
One additional finding which differentiated scene from object construction was increased theta 559 coherence between the anterior hippocampus and the fusiform and parahippocampal cortices. 560
Increased fusiform activity has also been observed in a separate fMRI study involving the scene word 561 stimuli used in the current experiment (Clark et al., 2018) . This region appears to represent diverse 562 categories of objects, living beings and their interactions (Grill-Spector et al., 2006; Cukur et al., 563 2013), and scenes represent the coherent integration of these constituent elements. Observed 564 coherence with the parahippocampal cortex during scene imagination is consistent with the 565 parahippocampal cortex's proposed role in processing scenes (Epstein, 2008; Mullally and Maguire, 566 2011 ). This connectivity profile, therefore, suggests that the anterior hippocampus may be a 567 convergence zone for appropriate object categories and their interaction within a defined space, 568 permitting the generation of scene imagery (Dalton and Maguire, 2017) . vmPFC during scene construction. By leveraging the high temporal resolution of MEG, we have 575 extended these findings to demonstrate their functional connectivity during this process. 576 Furthermore, we have shown that the direction of information flow during scene imagination 577 mirrors that observed during memory retrieval (Place et al., 2016) , with vmPFC driving hippocampal 578 activity. We conclude that memory and imagination share fundamental neural dynamics, and the 579 process of constructing vivid, spatially coherent, contextually appropriate scene imagery is strongly 580 modulated by the vmPFC. 581 582
